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Summary
Objectives: Previous studies showed increased femoral, neck, and tibial plateau with age in individuals with and without osteoarthritis (OA) at
adjacent joints. However, the question whether epiphyseal bone enlargement is a natural phenomenon of aging or associated with OA
remains open. The aim of the present study was to evaluate age- and sex-related changes in the relative size of epiphyses of long hand bones
and their association with radiographic OA.
Design: The data were collected from a population-based European sample in 1994 (557 individuals) and in 2002 (513 individuals). The latter
sample included 253 individuals who were previously investigated in 1994. The epiphyseal index (EI), reﬂecting the relative size of bone
epiphyses and hand OA, was evaluated from hand radiographs. Statistical analyses included multiple regression analyses and a maximum
likelihood-based model-ﬁtting technique.
Results: Hand bone epiphyses increased with age and with OA. In males, the EI gradually increased during their entire life span. In females,
the EI remained almost unchanged up to the age of 40, after which, it increased more rapidly than in males. Individuals with OA had higher
values of EI at any age. In both sexes, epiphyseal enlargement is a predisposing factor for hand OA progression in adjacent joints. This was
clearly seen in males, where old individuals with high EI values had much higher OA scores in comparison with age-matched individuals.
Conclusions: Enlargement of long bone epiphyses with age appears to be a general tendency in the human skeleton. Our study shows that
the enlargement of epiphyses may also be related to OA.
ª 2007 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction
Osteoarthritis (OA) is a heterogenous process of joint degen-
eration involving cartilage, bone, and soft tissues of the
joint2,3. Bone changes have been thought to be an important
element in thepathogenesis ofOA4e7. For example, thebone
size in the femoral neck increased with increasing severity of
radiographic hip OA8. On the other hand, the total cross-sec-
tional area of femoral neck and shaft undergoes a relative in-
crease with age in the general population9. Several studies
have shown that the tibial plateau bone area increased over
time in subjectswith established kneeOA10,11. These studies
suggested that the baseline grade of medial joint space nar-
rowing is positively associated with the rate of medial tibial
plateau bone enlargement. The latter consequently was in-
versely associated with the baseline medial tibial plateau1This study was supported by a grant from the Israeli National
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560bone area . These ﬁndings cannot be simply explained by
the extent of osteophytosis or the rate of its growth. It is pos-
sible that the baseline tibial plateau bone area is themain fac-
tor affecting the rate of increase, with biomechanical factors,
such as static anatomical alignment, likely to affect the ex-
pansion of the tibial plateau12. Therefore, the question
whether the periarticular (epiphyseal) bone enlargement is
a natural phenomenon of an aging skeleton or associated
with the OA process remains open.
Hands are the most frequent sites of OA development3.
However, we found no literature on the association between
hand bone size and OA as well as age- and sex-related
changes in the epiphyseal size of hand bones, which, in
contrast to the lower limb bones, are not subjected to
body weight load forces. In the present observational
cross-sectional and follow-up study, we evaluated the
age- and sex-related changes of long hand bone epiphy-
ses, and their association with radiographic OA, in a large
population-based cohort of European ethnic origin.
MethodsSAMPLEThe subjects of the present study were Chuvashians, who live in numer-
ous villages along the Volga River in the Republic of Chuvashia, the Russian
561Osteoarthritis and Cartilage Vol. 16, No. 5Federation. The studied sample was described in detail elsewhere13. Brieﬂy,
data were collected during two expeditions undertaken in 1994 and 2002. In
the ﬁrst expedition, we collected data on 557 individuals: 303 males with
a mean age of 46.2 (18e84) and 254 females with a mean age of 50.7
(19e79). In the second expedition, data were collected on 513 individuals:
251 males with a mean age of 51.5 (18e86) and 262 females with a mean
age of 54.5 (18e84). Of these, 260 individuals were studied for the ﬁrst
time and 253 individuals were previously investigated in 1994. The present
research involved taking X-ray radiograms of hand bones, assessing anthro-
pometry (weight, height, etc.), and interviewing subjects. The collected infor-
mation included sex, age, occupation, and life style factors. Data on chronic
morbidity and medical treatment were obtained from the subjects’ medical re-
cords and were completed during the interview. Those individuals with
known bone diseases or with amenorrhea were not included in the study.
In addition, women who underwent hormone replacement therapy or who
took steroids were not included in the sample. All participants signed in-
formed consent forms before participating in the study, which was approved
by the Helsinki Ethics Committee of Tel Aviv University.BONE MEASUREMENTS AND CONSTRUCTION OF TRAITSFig. 1. EI is the ratio between the total bone area and the area of the
rectangle with the bone length as the long side and the midshaft
width as the short side. The main difference between these two
areas in middle phalanges is mostly in the proximal epiphyseal
region.Plain radiographs of both hands were taken from each study participant
using a standard radiographic technique, as described in detail by us else-
where13,14. All radiographs were digitized using a commercial ﬂatbed scan-
ner (UMAX 2100) with a transmission unit. The obtained digital gray-scale
images were 1200 1800 pixels with a resolution of 150 DPI. Images were
processed using the free UTHSCSA ImageTool program (available at:
http://ddsdx.uthscsa.edu/dig/itdesc.html). We developed a special script by
means of a built-in program language, which enables us to measure various
bone size traits using this software. The bone edge of each measured bone
was marked manually by a computerized contour line. Further analysis of the
image data was automated. The trait list included measurements of the
bone’s total area (TA), the bone length (BL), and the midshaft width (MW).
The measurements were taken from the middle phalanges of the second,
third, and fourth ﬁngers of both hands (six bones in total). The epiphyseal in-
dex (EI), which represents the relative size of bone epiphyses to a rectangu-
lar bone area, not including the epiphyseal area (Fig. 1), was calculated
according to EI¼ TA/(BLMW).
To evaluate the method’s accuracy and reliability, we randomly selected
30 X-rays that were measured twice, 2 weeks apart by three investigators.
In all measurements, the investigator was blind to the results of previous
measurements and to any identiﬁcation indices. Intraobserver and interob-
server relative errors (REs) were estimated by dividing the intraobserver or
interobserver mean square deviation by the mean value of the measurement
for all individuals studied. In different bones the intraobserver RE of the mea-
surements varied from 0.4% to 1.1% for BL, 1.1% to 1.7% for MW, and 0.9%
to 1.8% for TA; the interobserver RE was from 0.5% to 2.1% for BL, 1.4% to
2.1% for MW, and 1.7% to 2.5% for TA.EVALUATION OF RADIOGRAPHIC HAND OAThe development of OA was evaluated for second, third, and fourth
proximal interphalangeal (PIP) joints of both hands by using Kellgren and
Lawrence (KeL) grading scheme, which utilizes photographs from the Atlas
of Standard Radiographs15. The extent of each of the above-mentioned indi-
ces for each joint ranged from 0 to 4. The sum scores of six joints (PIP-OA)
were used in further analyses. In middle phalanges, the EI represents mostly
the proximal epiphyses (Fig. 1); therefore, the PIP joints, which are located
proximally to the middle phalanges, were chosen for OA evaluation.
All radiograms were assessed by a specially trained and experienced re-
searcher (LK), blinded to patient identiﬁers. The reader was trained indepen-
dently by an experienced orthopedic surgeon and by a musculoskeletal
radiologist, and his measurements were calibrated against their measure-
ments. Interobserver reliability was measured between LK and the orthope-
dic surgeon (ICC¼ 0.86). The evaluation was performed twice on 50
randomly chosen radiograms by the same investigator 10 days apart in order
to assess the reproducibility of the OA grade score. Kappa statistics was cal-
culated to ascertain the extent of intraobserver agreement; it showed a high
intraobserver reproducibility (k¼ 0.84e0.91; P< 0.01) for the different sites
of hand OA. For the following computation, we used the sum of KeL scores
of the six studied joints, and called them PIP-OA.STATISTICAL ANALYSISStatistical analyses were performed using STATISTICA version 6 soft-
ware (Stat Soft 2001). Descriptive statistics was computed for each hand
bone. Six EIs were highly signiﬁcantly correlated with each other
(r¼ between 0.66 and 0.78; P< 0.001). To avoid the problem of multiple
comparisons, redundancy of information, and repetition of measurement
error, we performed principal component (PC) analysis using the originalmeasurements of each trait (e.g., EIs) regardless of the sex and age of
the individual, to capture as much common variation as possible. The corre-
sponding ﬁrst PCs, explaining most of the selected traits’ variance, were
used in further analyses.
To evaluate the relative contribution of the various predictors, namely,
age, PIP-OA, body height, and body mass index (BMI) on EI variation, we
used multiple linear regression analyses (the stepwise method) with EI as
a dependent variable. All analyses were performed separately for males
and females.
To examine the homogeneity of age-related changes in EI during the life
span, we also tested a series of continuous piecewise linear models of age
dependence for each sex, as implemented in the statistical package MAN-
616. Such models are suitable for empirical dependences, and enabled us
to divide the whole age range into a number of intervals with signiﬁcantly dif-
ferent rates of trait changes per time unit (year). Estimation of the model’s
parameters was based on the least mean squares method, subservient to
the maximum likelihood method, assuming a normal distribution of the trait17.
Using the likelihood ratio test, we chose the best ﬁtting and most parsimoni-
ous model of age dependence of each trait according to sex. To examine the
inter-correlations between OA, EI, and age, we divided male and female
samples into two groups: with and without visible OA changes. Then, using
the likelihood ratio test, we compared maximum likelihood estimates of the
aging models of groups including and not including OA. In addition, we com-
puted correlations between OA and EI, and performed t tests to compare EIs
of individuals with and without PIP-OA.
One of the possible scenarios is that the observed age-related EI change
was caused by a decrease in MW during a life span, and not by enlarging the
area of epiphyses. To clarify this, we analyzed the 8-year changes that oc-
curred in MW, BL, and TA using the corresponding PC scores for individuals
who were measured twice in 1994 and 2002. Afterwards, to study the rela-
tionship between the EI and OA changes, we calculated the individual
8-year differences in EI and PIP-OA (delta-scores: DEI and DPIP-OA, re-
spectively). We then examined the correlations between age, PIP-OA, base-
line EI (ﬁrst measurement in 1994), DEI, and DPIP-OA. Finally, we carried
out multiple regression analyses for each sex separately, for DPIP-OA as
a dependent variable and age and EI as predictors.
Table I
Descriptive statistics of measured traits and computed indexes for different hand bones (cross-sectional sample)
Trait Finger* Males Females
Mean SD Min Max Mean SD Min Max
Middle phalanges
Total area (TA) [mm2] 2 238.4 25.0 171.5 346.4 199.0 21.4 133.0 266.0
3 321.5 33.6 235.1 591.3 265.4 27.3 189.9 352.5
4 293.1 30.5 205.3 4.9.2 241.4 25.0 168.7 336.9
Bone length (BL) [mm] 2 23.3 1.7 17.1 28.8 21.8 1.5 17.3 26.8
3 28.7 2.0 21.7 45.8 26.8 1.7 21.5 32.0
4 27.3 1.9 21.2 34.9 25.4 1.7 20.7 31.7
Midshaft width (MW) [mm] 2 8.7 0.6 7.1 11.0 7.5 0.6 5.8 9.0
3 9.7 0.7 7.6 12.3 8.4 0.6 6.6 10.0
4 9.5 0.7 7.3 12.0 8.1 0.6 6.1 9.8
EI 2 1.18 0.04 1.06 1.36 1.21 0.06 1.06 1.46
3 1.15 0.05 1.02 1.36 1.19 0.06 1.06 1.60
4 1.13 0.04 1.01 1.27 1.17 0.05 1.04 1.35
Age [years] 47.4 17.2 18 86 50.9 16.4 18 84
Body height [m] 1.66 0.07 1.50 1.91 1.55 0.06 1.40 1.74
BMI [kg/m2] 23.12 2.97 15.51 34.48 24.76 4.27 15.32 40.26
PIP
Hand OA 0.23 0.77 0 6 0.47 1.12 0 6
*Means and SD for ﬁngers 2, 3, and 4 did not differ signiﬁcantly for the left and right hands. Statistics is given for both hands together.
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Table I presents basic descriptive statistics for all the
studied traits. As expected, mean values of all bone mea-
surements (TA, BL, and MW) and body height were all
higher in males than in females. The opposite pattern was
observed for EI, OA, and BMI. By comparing the EI values
between males and females using the t test, we found that
the differences were statistically signiﬁcant for each bone
measurement separately and for the PC of EIs (all
P< 0.001). The PC analyses showed very high load scores
for all variables within each group of bone trials. They
ranged between 0.83 and 0.87 for EIs of different bones,
and between 0.96 and 0.97 for TA measurements. As a re-
sult, only one PC with an eigenvalue of >1.0 was retained
for each group of traits. The retained PC1s explained be-
tween 74% (EI) and 93% (TA) of the total variation of the re-
spective group of traits and were therefore used in further
analyses.
The best ﬁtting and most parsimonious aging models of
EI according to sex are shown in Fig. 2(A). For men the
model was simply linear and explained 20% of the trait
variance. The mean annual rate of trait change expressed
in standard deviations was 0.020 0.002 SD (20 2% of
the trait SD per decade). For women the best ﬁtting model
was two-interval constantelinear. This model was signiﬁ-
cantly better than the simple linear model with LRT¼ 8.56
(P¼ 0.003) and described 25.7% of the EI variance. In
women, EI remained unchanged up to the age of
40.2 4.0 and then increased at a rate of 0.043 0.004
SD per year (43 4% of the trait SD per decade), which
is twofold higher than that observed in men.
Analysis of the individuals measured in 1994 and 2002
revealed the following 8-year mean differences expressed
in SD unit: BL was 0.05 0.01 SD for both sexes; MW
was 0.03 0.01 SD for men, and 0.05 0.01 SD for
women; TA was 0.09 0.01 SD for both sexes. The result-
ing mean 8-year change in EI was DEI¼ 0.15 0.03 SD in
men and 0.20 0.03 SD in women. Because theaforementioned changes in MW were positive, on average,
the signiﬁcant, positive EI changes can be mostly attributed
to epiphyseal enlargement and not to diminishing of MW.
Results of the multiple regression analysis, which was
performed to identify factors associated with EI, are shown
in Table II. The most signiﬁcant predictor of EI for both
sexes was age. In Step 1 model, both Age b and R2 were
greater in women than in men (b¼ 0.50, R2¼ 0.25 vs
b¼ 0.45, R2¼ 0.20, respectively). At Step 2, the PIP-OA
predictor was included in the model. Age bs became almost
equal for men and women (0.389 vs 0.390, respectively),
but PIP-OA, b, and R2 values were both greater in women
(b¼ 0.17, R2¼ 0.22 for men vs b¼ 0.25, R2¼ 0.30 for
women). In the ﬁnal model, BMI was not a signiﬁcant pre-
dictor of EI in both sexes, whereas body height was not sig-
niﬁcant for men; however, it had a slight signiﬁcant effect
(b¼ 0.11) for women. For both sexes the ﬁnal multiple
regression model was highly signiﬁcant (P< 106).
Next, we examined the age dependence of EI separately
for individuals with OA (PIP-OA> 0) and without OA in rel-
evant PIP joints (PIP-OA¼ 0). As shown in Fig. 2(B), EI was
positively associated with age in both sexes and regardless
of OA status. In the sample of individuals without OA, the
best ﬁtting and most parsimonious model of association
with age for men was a simple linear one, and for women,
it was a two-interval constantelinear model with a breaking
point at the age of 40. Individuals with OA, in both sexes,
had higher EI values at any age. Indeed, comparison of
EI values between groups of individuals with and without
PIP-OA revealed signiﬁcant differences (P¼ 0.0011) be-
tween them and in both sexes (Table III). This observation
was also well conﬁrmed by signiﬁcant correlations between
EI and PIP-OA (Table III). For both sexes the model that in-
cluded age and OA was signiﬁcantly better than the model
that did not include OA as a predicting variable (men:
LRT¼ 12.74, P¼ 0.0017; women: LRT¼ 8.27, P¼ 0.04,
Table III).
In attempting to clarify the age-dependent rate of change
in EI and PIP-OA, we used 241 individuals measured twice
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Fig. 2. Scatterplots of age dependence of the EI in the studied sample. The lines show the best ﬁtting and most parsimonious model of EI age
dependence. (A) The subdivision of the sample was made by sex only. (B) The subdivision of the sample was made by sex and OA status:
(1) the solid line and gray circles represent individuals without radiographic OA (PIP-OA¼ 0); (2) the dashed line and black circles represent
individuals with OA (PIP-OA> 0).
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We found that in both sexes the DEI value did not signiﬁ-
cantly correlate with either age, PIP-OA, or DPIP-OA.
However, DPIP-OA did correlate signiﬁcantly with age
and EI. The stepwise multiple regression models with
DPIP-OA as a dependent variable, and age and EI as pre-
dictors, showed that for men, both age (b¼ 0.250) and EI
(b¼ 0.202) were signiﬁcant predictors (R2¼ 0.149;
P¼ 0.0001) of DPIP-OA. Similar results were also obtained
in the female sample: age (b¼ 0.419) and EI (b¼ 0.325);
the proportion of explained variance was R2¼ 0.423
(P< 0.000001).Table II
Stepwise multiple regression analysis of EI in the studied sample
Parameters Male Female
Step 1 Age b 0.446* 0.495*
R2 0.199* 0.245*
Step 2 Age b 0.389* 0.390*
PIP-OA b 0.166* 0.253*
R2 0.223 0.298
Final Age b 0.366* 0.341*
PIP-OA b 0.170* 0.257*
Body height b 0.040 (0.441) 0.110 (0.028)
BMI b 0.080 (0.066) 0.060 (0.143)
R2 0.235 0.318
*P-values are less than 0.001, other P-values are given in
parentheses.Discussion
We have shown that hand long bone epiphyses increased
with age. In males, EI gradually increased during the entire
life span. In females,we found thatEI values remainedalmost
unchanged up to the age of 40, and afterwards, they in-
creased at a rate that was much higher than the average
rate of increase in males. Importantly, this is the ﬁrst time
that epiphyseal enlargement is described in hand bones.
However, previous studies described the enlargement of
the cross-sectional area of the tibial plateau12 as well as the
cross-sectional area of the femoral neck and proximal femo-
ral shaft9. Consequently, it appears that the enlargement of
long bone epiphyseswith age is a general tendency affecting
the human skeleton.
The high rate of epiphyseal enlargement that we ob-
served in peri- and postmenopausal women can possibly
be explained by periosteal apposition. This is in agreement
with a study by Ahlborg et al.18, who found that postmeno-
pausal women exhibited expansion of the periosteal
diameter of the distal radius. They assumed that the re-
duced estrogen levels after menopause may cause not
only the loss of bone mineral density, but also the periosteal
apposition. Animal studies also support this concept19, sug-
gesting that estrogen inhibits periosteal bone formation. A
greater increase of epiphyseal areas in comparison to shaft
can probably be a manifestation of a remodeling process in
periarticular areas, especially at an advanced age. Our ﬁnd-
ings of increased bone width, especially in epiphyseal
areas, may have clinical relevance, since bone size is an in-
dependent predictor of bone fractures20,21.
Table III
Association between hand OA (PIP-OA) and EI in the studied sample
Sample Groups Group comparison Correlation with PIP-OA
PIP-OA¼ 0 PIP-OA> 0
N Mean EI* Var. N Mean EI* Var. t Test P R P
Male 345 0.043 0.496 45 0.309 0.389 3.50 0.0005 0.148 0.0057
Female 282 0.056 0.723 79 0.199 1.094 1.99 0.0473 0.181 0.0010
Total 627 0.049 0.597 124 0.239 0.836 3.28 0.0011 0.168 0.0007
*The data present EI PC adjusted for age and body height, according to sex.
564 L. Kalichman et al.: Changes in long hand bone epiphysesIt is likely that in considering the relationship between EI
and OA, EI is a causal factor. To demonstrate the conjoint
inﬂuence of age and EI on PIP-OA, we constructed
3D-categorized plots using the distance-weighted least
squares option (Fig. 3) for each sex separately. As one
can see, in both sexes, individuals with higher EI values dis-
played higher PIP-OA values with age. This is especially
evident in males, where old individuals with high EI values
had much higher OA scores in comparison with age-
matched individuals with low EI values.
Association of OA with enlargement of adjacent bones
was also previously described. A recent MRI study found
the femoral neck area to be larger in men with hip OA
than in healthy controls matched for age and sex8. An-
other study showed that in women, the tibial plateau
area may be related to the severity of radiographic knee
OA10. However, an earlier anatomical specimen study of
28 subjects with OA and 16 controls found no difference,
possibly owing to lack of power22. Results of our study
showed that individuals with OA had higher values of EI
at any age, but the rate of epiphyseal enlargement was
similar to those in individuals without OA. Correlations be-
tween EI and PIP-OA were statistically signiﬁcant in both
sexes, and as shown in Figs. 2 and 3, individuals with
higher EI values develop higher values of OA with age.
These results were in good agreement with the analysis
of the repeated measurements. The latter clearly showed
that in addition to age, EI contributes signiﬁcantly to
the rate of OA development. In a recent review, Ding
and colleagues23 argue that the tibial subchondral area
is associated with the prevalence and severity of kneeMales
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Fig. 3. 3D-categorized plots (distance-weighted least squares option) of thcartilage defects, and it serves as one of the important
markers in the development and progression of knee OA.
Correspondingly, in our study, epiphyseal enlargement ap-
pears to be one of the predisposing factors for hand OA
and its progression rate increases with age. Because in
the present study we had only two follow-up measure-
ments, with a modest sample size for the second measure-
ment, it is obvious that an additional study on the
independent sample is needed to establish reliably the
causal relationship between epiphyseal enlargement and
OA in adjacent joints.
As in any other study, the present one has also its limita-
tions and deﬁciencies. The main ones are the relatively
small follow-up sample and the lack of information regarding
symptomatic OA in the studied population. Additional stud-
ies are therefore needed to evaluate whether the epiphyseal
enlargement is associated with symptomatic hand OA.
Another limitation is that all measurements of hand bones
were taken from the standard plain radiographs, e.g., in
2D space, which limits our ability to evaluate the extent of
changes in the bone volume.
Conclusions
We have shown that epiphyses of hand long bones in-
creased with age. Our study shows that the enlargement of
epiphyses is associated with the radiographic hand OA. It
provides additional evidence that speciﬁc factors that inﬂu-
ence epiphyseal change are worthy of further investigation
in order to identify those factors inﬂuencing the progression
of OA.Females
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